Abstract -The synthesis of butadiene rubber on cobalt-and neodymium-containing catalytic systems in a reactor cascade has been simulated taking into account heat removal through the reactor jackets. The problem of optimization of the operating regime has been solved for butadiene polymerization in a cascade of continuous reactors. The regions of initial process parameters admissible for obtaining a high-quality rubber have been determined.
ISSN 1560 -0904, Polymer Science, Ser. B, 2008 , Vol. 50, Nos. 11-12, pp. 310-314. © Pleiades Publishing, Ltd., 2008 . Original Russian Text © G.A. Aminova, G.V. Manuiko, V.V. Bronskaya, T.V. Ignashina, O.V. Zakharova, G.S. D'yakonov, 2008 , published in Vysokomolekulyarnye Soedineniya, Ser. B, 2008 , Vol. 50, No. 11, pp. 2029 -2034 Engineering in synthetic rubber manufacturing is of great importance because the commercialization prospects for various syntheses that have been successfully accomplished under laboratory conditions typically depend on whether these syntheses can be scaled up to large apparatus. The product yield from the polymerization reaction may strongly depend on physical factors, which can also considerably affect the properties of the resulting rubber in many cases. Chemical kinetics focuses on quantitative characteristics of chemical reactions and ignores physical processes. In contrast, industrial chemical kinetics, which has recently received the name of chemical reaction engineering, deals with the complex of chemical and physical processes. Reactor design and process control applications need mathematical models based on both chemical kinetic data and mass, moment, and energy transfer data.
Among many physical factors affecting reactor operation and product properties, thermal phenomena probably play the most significant role. The temperature in a reactor cascade varies from one reactor to another. By removing strictly prescribed amounts of heat and maintaining the optimum temperature regime throughout the reactor cascade, it is possible to control the molecular mass characteristics of the rubber and thereby to obtain a product with the desired technical properties.
Construction of a mathematical model is based on the following generalized scheme:
(1) Structural identification, that is, determination of the most likely rubber synthesis mechanism and identification of the kinetic schemes by simulating rubber formation in a batch reactor;
(2) Parametric identification of the model, that is, solving the inverse problem of determining the kinetic constants to be used as the initial approximation in the simulation of continuous rubber synthesis;
(3) Validation of the model of rubber synthesis in a batch reactor; (4) Simulation of rubber synthesis in a cascade of continuous reactors taking into account heat withdrawal through the reactor jackets;
(5) Parametric identification of the generalized rubber synthesis model against the full-scale experimental data;
(6) Validation of this model; (7) Optimization of rubber synthesis conditions for the cascade of continuous reactors; (8) Making recommendations concerning the real rubber synthesis process.
Based on process mechanism identification data, the molecular kinetic scheme consisting of conventional reactions of chain initiation, chain propagation, and chain transfer to the monomer and polymer was aug- The results of laboratory studies include computational formulas for basic molecular mass characteristics of the polymer as a function of time and, accordingly, monomer conversion [2] . These formulas were obtained using the method of moments by introducing a generating function (an analog of the Laplace transform) and were then used to solve the inverse problem of identification. Thus, based on the results of the simulation of SKDK (divinyl synthetic rubber synthesized with a potassium catalyst) synthesis in a batch reactor, we carried out structural and parametric identification of the model by minimizing the objective function by search optimization methods. As a result, we established the mechanism of the process and determined the kinetic constants for all the reactions involved in butadiene polymerization in the presence of a cobalt-containing catalytic system [1]. Next, proceeding from the above results, we simulated full-scale SKDK rubber synthesis in a cascade of two continuous reactors taking into account heat removal through the reactor jackets.
Continuous terminationless processes are still poorly understood. There is no data on the effect of the chain transfer rate on the molecular mass characteristics of the polymers. Operating regimes for the syntheses of SKDK and SKDN (divinyl synthetic rubber synthesized with sodium catalyst) have not been simulated at all; that is, no data is available on the chemical reactions and heat transfer to the reactor jackets occurring simultaneously in the synthesis of these rubbers in the reactor cascade. Applying our mathematical model to butadiene polymerization in the cascade of k continuous reactors, we obtained an original solution to a set of equations for the initial MMD moments under the steady-state regime. This solution makes it possible to determine the MMD moments, the average degree of polymerization, and the polydispersity coefficient as a function of various process parameters.
In derivation of the set of equations describing the process, it was assumed that the reaction volume is constant and perfect mixing takes place in each reactor of the cascade. Under these assumptions, butadiene consumption and polymer formation equations for the k th reactor of the cascade will appear as (1)
is the concentration of macromolecules with i active sites and l monomer units in the k th reactor of the cascade;
and k c , k are the rate constants of chain propagation, chain transfers to the monomer and polymer, spontaneous chain transfer, and macromolecule cross growth, respectively; I 0 is the initial initiator concentration; M k is the monomer concentration in the k th reactor of the cascade; τ is the average residence time in a reactor; δ ij is the Kronecker delta; and δ ( l ) is the generalized Dirac function.
The first term of the second equation in (1) accounts for the change in the macromolecule concentration R( i , l ) due to streams entering and leaving the k th reactor. The second term stands for growth of macromolecules. The other four terms account for changes in R( i , l ) due to chain transfer and macromolecule crossgrowth reactions. The last two terms take into account the formation of new short macromolecules via chain transfer and instantaneous reinitiation. The second equation in (1) is written in the long-chain approximation. The formation of short chains as a result of chain transfer is described by the generalized Dirac function. In the general case, the temperature in the reactor cascade varies from one reactor to another. For this reason, the rate constants are given the superscript k corresponding to the reactor number.
Using the auxiliary (generating) function 
